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Docteur Junior, soyez assuré que c’est avec un grand plaisir et beaucoup

d’enthousiasme que je reviens travailler au sein de votre équipe.

A Monsieur le Professeur Gérald CHANQUES,
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mais je te porte un amour et une admiration indéfectibles pour tout ce que tu auras
fait pour nous et ce que tu fais encore chaque jour. Je t'aime.

Papa, encore un évenement dans ma vie ou ton absence se fait sentir. Tu voulais que
je sois notaire, j’ai choisi médecin mais je pense que tu aurais été tout aussi fier de
mon choix. « Si tu travailles a I’école, ce n’est pas pour me faire plaisir mais pour avoir
le choix de faire le métier qui te plaira », cette phrase anodine est sans doute une de
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débordante et pour nous rappeler qu’il est temps de manger « parce qu’on est tout
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I'importance de savoir décompresser. A Mélanie, pour avoir été mon phare dans ce

21



semestre compliqué, a tes cotés je savais que rien ne pouvait m’arriver, tu es d’'une
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endiablée sur Britney Spears puisse me séduire et mener a une relation si
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PREAMBULE

Ce travail, rédigé sous la forme d’un article scientifique en anglais, est accompagné d’un

texte introductif en frangais.
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INTRODUCTION

La détresse respiratoire hypoxémique est une défaillance d’organe fréquente et la
premiere cause d’admission en réanimation [1]. Cette défaillance reste associée a une
mortalité élevée (entre 20 et 42%), particulierement si le recours a la ventilation
mécanique invasive est nécessaire [2-6]. Chez le patient non intubé, le traitement
symptomatique de la détresse respiratoire hypoxémique est sujet a controverse entre les
trois techniques d’oxygénation suivantes : 1) I'oxygénothérapie standard, 2) I'oxygene a
haut débit (OHD) humidifié réchauffé, et 3) la ventilation non-invasive (VNI).

L’OHD est une technique non invasive qui assure 'administration d’oxygene, réchauffé et
humidifié, a des débits allant jusqu’a 60 I/min [7]. Ses effets physiologiques sont
multiples : la fraction inspirée en oxygene est plus élevée et plus stable qu’avec
I’oxygénation standard [8], la clairance du CO, est améliorée par le lavage de I'espace
mort [9]. De plus, I"humidification améliore la fonction muco-ciliaire, la clairance des
sécrétions [10] et le rapport ventilation/perfusion. Plusieurs études ont montré que, chez
les patients présentant une insuffisance respiratoire hypoxémique, I'OHD permettait une
amélioration de I'oxygénation, de la dyspnée ainsi que du confort comparativement a
I’oxygénothérapie standard [11,12]. Il semblerait également que le devenir des patients
puisse étre amélioré, avec un taux de recours a la ventilation mécanique [13] et un taux
de réintubation apres extubation diminués [14]. Frat et al. [15], dans une étude
randomisée multicentrique incluant 310 patients, n’ont pas montré de différence du taux
d’intubation chez les patients en insuffisance respiratoire aigué hypoxémique traités par
oxygénothérapie standard, OHD ou VNI. Cependant, cette étude montrait une différence
significative de mortalité a 90 jours en faveur de I'OHD. Une des explications
physiologiques de I'efficacité clinique de 'OHD est qu’elle permettrait de générer une
pression positive débit-dépendante dans les voies aériennes [16—-18]. Cet effet est
cependant débattu avec des résultats parfois contradictoires, notamment dus aux
difficultés de mesure de la pression dans les voies aériennes chez des patients non
intubés, en insuffisance respiratoire hypoxémique. L’hétérogénéité des techniques de
mesure, d’une part, et l'influence de I'ouverture/fermeture de bouche sur la valeur de

pressions, sont deux écueils majeurs [19]. De plus, la répercussion de cette pression
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positive sur les voies aériennes supérieures et sur le volume pulmonaire reste débattue.
Une étude de Mauri et al. suggere que I'OHD pourrait augmenter le volume pulmonaire
par rapport a I'oxygénation au masque standard mais dans cette étude le volume
pulmonaire était mesuré par impédancemétrie thoracique (EIT) qui est une mesure
indirecte des volumes sur une seule coupe pulmonaire [20]. Parmi les différentes
méthodes de mesure des volumes pulmonaires, la tomodensitométrie thoracique est
I’examen de référence [21-25].

La VNI a des indications historiques telles que I',edeme aigu du poumon d’origine
cardiogénique ou I'exacerbation de BPCO [26]. Elle est également utile en post-opératoire
de chirurgie abdominale ou thoracique a visée prophylactique ou curative [27,28], et en
réanimation pour prévenir |I'échec d'extubation chez des patients sélectionnés [29]. Ses
effets physiologiques sont largement décrits: augmentation de la ventilation minute,
diminution du travail respiratoire, recrutement alvéolaire et prévention du
dérecrutement, diminution de la PaCO, [30]. Dans une étude physiologique, la surface
des voies respiratoires supérieures a montré une tendance a augmenter chez les patients
traités avec une pression nasale expiratoire positive [31]. Cet effet pourrait contribuer a
I’efficacité clinique de la VNI dans I'insuffisance respiratoire hypoxémique.

Chez les patients présentant une hypoxémie modérée, I'OHD et la VNI pourraient
prévenir l'intubation orotrachéale et la ventilation mécanique comparativement a
I’oxygénothérapie standard, méme si cela reste a confirmer et dépend de |’étiologie de
I’hypoxémie [32]. En raison de sa simplicité d'utilisation, de ses effets physiologiques et
cliniques, plusieurs consensus d’expert suggerent que I’'OHD pourrait étre la technique de
premiere intention dans l'insuffisance respiratoire hypoxémique [33,34]. Cependant, les
roles respectifs de ’'OHD et de la VNI ne sont pas clairement définis dans cette indication.
Les recommandations internationales actuelles n’ont pas permis de trancher le role exact
de ces deux techniques d'oxygénation dans la insuffisance respiratoire hypoxémique [35]
Les effets cliniques de ces deux techniques d’oxygénation (OHD et VNI) ont été
démontrés, cependant leur place respective dans la prise en charge de l'insuffisance
respiratoire hypoxémique n’est pas clairement définie. L’exploration des mécanismes

physiologiques, en particulier des effets sur les volumes pulmonaires, encore aujourd’hui

26



controversés, pourrait permettre une meilleure compréhension de leur efficacité et de
leur place dans la prise en charge de ces patients.

A notre connaissance, aucune étude n’a encore évalué les effets de I’OHD et de la VNI sur
les volumes pulmonaires et le diametre des voies aériennes supérieures, chez des
patients en réanimation présentant une insuffisance respiratoire hypoxémique, en
utilisant la méthode de référence qu’est la tomodensitométrie thoracique. L’hypothese
de notre étude est que chez les patients hypoxémiques en réanimation, la VNI
augmenterait significativement plus les volumes pulmonaires en comparaison a I'OHD.
L’objectif principal de cette étude est de comparer I'effet de 'OHD versus la VNI sur la
variation des volumes pulmonaires non et pauvrement aérés mesurés par
tomodensitométrie thoracique chez les patients de réanimation présentant une
insuffisance respiratoire hypoxémique. Les objectifs secondaires sont de comparer les
effets de I’OHD et de la VNI sur le calibre des voies aériennes supérieures, la variation des

volumes pulmonaires et sur les échanges gazeux.
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ARTICLE

Effects of high-flow oxygen therapy and non-invasive ventilation on
lung volumes and on upper airway in hypoxemic critical care patients:

a physiological randomized controlled trial

ABSTRACT

Background. In non-intubated patients, symptomatic treatment of hypoxemic respiratory
failure is still debated with different options: 1) standard oxygen therapy (SOT), 2) high
flow nasal cannula oxygen therapy (HFNC) and 3) non-invasive ventilation (NIV). The
objective of this study was to compare the effects of HFNC and NIV on lung volumes and
upper airway assessed by computed tomography (CT) scan. Material and methods. We
conducted a prospective, single-center, physiological, randomized, parallel-group
unblinded trial in patients with hypoxemic respiratory failure. Two inspiratory cervico-
thoracic CT scan were performed, the first after 20 minutes of SOT as part of the routine
patient’s management, and the second cervico-thoracic CT scan after 20 minutes of HFNC
or NIV depending on the allocation group. The primary outcome was the relative
difference in percentage of “non and poorly aerated” lung volumes, before and after the
intervention, between the HFNC group and NIV group, assessed by thoracic CT scan.
Secondary outcomes included the variation in cross-sectional upper airway area, lung
volumes and gas exchange. Results. In these preliminary results, 13 patients have been
included (out of the 56 planned) and 10 patients have been analysed. The relative
difference in percentage of “non and poorly aerated” lung volumes, before and after
intervention, was -8.9% [-4.6; -26.6] in the HFNC group compared to -14.1% [-9.9; -19.8]
in the NIV group. Conclusion. In patient with hypoxemic respiratory failure, HFNC and NIV
would decrease “non and poorly aerated” lung volumes. These results are only
exploratory as the trial is on-going and a significant difference between groups remains

to be determined.

Keywords: intensive care, non-invasive ventilation, lung volumes, high-flow nasal oxygen
therapy, upper airway, hypoxemic respiratory failure.

28



List of abbreviations

SOT : Standard oxygen therapy

HFNC : High flow nasal cannula oxygen therapy
NIV : Non-invasive ventilation

CT : Computed tomography

ICU : Intensive care unit

FiO2: Fraction of inspired oxygen

CO; : Carbon dioxide

PaCoO, : Partial pressure of carbon dioxide
Pa0; : Oxygen partial pressure

COPD : Chronic obstructive pulmonary disease
SpO, : Pulsed oxygen saturation

HU : Hounsfield units

PEEP : Positive end-expiratory pressure
TTE : Transthoracic echocardiography

CM : Senior physician

LVEF : Left ventricular ejection fraction

VTI : Subaortic velocity time integral

Ea : Early diastolic wave

DTI : Doppler tissue imaging

SAPS : Simplified acute physiologic score
SOFA : Sequential organ failure assessment
RR : Respiratory rate

Qc : Cardiac output

BMI : Body mass index

MRI : Magnetic resonance imaging

CPAP: Continuous positive airway pressure



BACKGROUND

Hypoxemic respiratory failure is the most frequent organ failure and cause for admission
in the Intensive Care Unit (ICU) [1]. It remains associated with a significant ICU mortality
(between 20 and 42%), especially when invasive mechanical ventilation is needed [2-6].
In non-intubated patient, symptomatic treatment of hypoxemic respiratory failure is a
controversial topic with different options: 1) standard oxygen therapy, 2) high flow nasal
cannula oxygen therapy (HFNC) and 3) non-invasive ventilation (NIV).

HFNC is a non-invasive technique that allows the delivery of heated and humidified
oxygen at a flow up to 60L/min [7]. HFNC has several physiological effects: the fraction of
inspired oxygen (FiO,) is higher and more stable than with standard oxygen therapy [8]
and HFNC improves CO, clearance by airway dead space washout [9]. Humidification
improves muco-ciliary function, secretions clearance [10] and ventilation/perfusion ratio.
Studies have shown, in patients with hypoxemic respiratory failure, improvement of
oxygenation, dyspnoea as well as comfort compared to standard oxygen therapy [11,12].
It would also appear that patients centered outcomes could be improved, particularly the
orotracheal intubation rate [13] and reintubation rate after extubation [14]. Frat et al.
[15], in a randomised multicenter study including 310 patients, did not show a difference
in orotracheal intubation rate in hypoxemic patients treated with standard oxygen
therapy, HFNC or NIV. However, this study showed a significant difference in favour of
HFNC regarding 90 days mortality. A physiological explanation that has been put forward
to explain the clinical efficacy of HFNC is the potential flow dependant positive pression
generated in the upper and lower airway [16-18]. This effect is debated with sometimes
conflicting results due to difficulties in measuring airway pressure in non-intubated
patients with respiratory failure. Two main pitfalls to bringing out this effect are the
heterogeneity of measurement methods and the influence of the opening/closing of the
mouth on the airway pressure [19]. Moreover, the impact of this positive pressure on
lung volume and upper airway is still unclear. A study by Mauri et al. [20] indicates that
HFNC could increase lung volumes compared to standard oxygen therapy although in this
study lung volumes were measured with electrical impedance tomography, which is an

indirect and limited method of measuring lung volumes. Among the different techniques
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of measuring lung volumes, thoracic computed tomography (CT) scan is the gold standard
method [21-25].

NIV has historical indications such as cardiogenic acute pulmonary oedema or
exacerbation of COPD [26]. It is also useful in perioperative care for prophylactic and
curative use after abdominal or thoracic surgery [27,28] or in ICU to prevent extubation
failure in selected patients [29]. Its physiological effects have been widely described:
increase in minute ventilation, decrease of work of breathing, alveolar recruitment and
preventing derecruitment, decrease of PaCO;, [30]. In one physiological study, the area
of upper airway showed a trend to increase in patients treated with nasal expiratory
positive airway pressure [31]. This effect could contribute to the clinical efficacy of NIV in
hypoxemic respiratory failure.

In patients with moderate hypoxemia, HFNC and NIV could prevent endotracheal
intubation and the use of invasive ventilation compared to standard oxygen therapy [32].
Because of its simplicity of use, physiological and clinical effects, several expert consensus
suggests HFNC could be the optimal first-line technique in hypoxemic respiratory failure
[33,34]. However, respective roles of HFNC and NIV are not clearly defined in this
indication. Current international recommendations have not been able to define the
exact role of these different oxygenation techniques in hypoxemic respiratory failure [35].
The clinical effects of these two oxygenation techniques have been demonstrated,
however their respective place in the management of hypoxemic respiratory failure has
not been clearly defined. The exploration of the physiological mechanisms and in
particular the effects on lung volumes, which are controversial, would allow a better
understanding of their effectiveness and their place in the management of these patients.
To our knowledge no study has evaluated the effect of HFNC and NIV on lung volumes
and on upper airway area in critically ill patients using CT scan which is the gold-standard
method. The hypothesis of this study is that in hypoxemic critically ill patients, the
increase of lung volumes with NIV would be significantly higher than the increase of lung
volumes with HFNC.

The main objective of this study was to compare the effect of HFNC and NIV on the

variation in “non and poorly aerated” lung volumes before and after the intervention
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assessed by cervico-thoracic CT scan in hypoxemic critically ill patients. Secondary
objectives were to compare the effect of HFNC and NIV on the variation in cross-sectional

upper airway area, variation in lung volume and gas exchange.
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MATERIALS AND METHODS

Study Design

We conducted a prospective, physiologic, randomized, parallel-group, unblinded trial in
a mixed medical and surgical 20-bed adult ICU in a university teaching hospital starting
January 2023. The study protocol and statistical analysis plan were approved by a central
Ethics Committee (Comité de Protection des Personnes Sud-Ouest et Outre-mer 1,
France, 2022-A02458-35) in accordance with French law. The trial was registered at
http://www.clinicaltrials.gov with trial identification number NCT05643911 before the
first inclusion in the trial.

Written informed consent from the patient was obtained on study inclusion. Patients
eligible for inclusion were randomly assigned to the HFNC group or to the NIV group.
Randomization

Randomization was managed by the clinical research unit of Montpellier University
Hospital with Capture System software (Ennov Clinical, randomization module). The
randomization was centralized and available online. Allocation sequence was computer-
generated with a 1:1 ratio.

Patients

Consecutive patients who were 18 years or older were included if they met the two
following criteria: (1) a diagnosis of hypoxemic respiratory failure at any time of ICU stay,
defined as the need of standard oxygen therapy flow > 3L/min to maintain a pulsed
oxygen saturation (SpO3) 2 95%, (2) a CT scan prescribed by the physician in charge of the
patient as part of the exploration of the patient's pathology and not as part of a
"dedicated" prescription for the study.

Exclusion criteria were NIV contraindication [27], need for urgent endotracheal
intubation, history of recent facial trauma not compatible with the use of nasal cannulas,
refusal or impossibility to consent, pregnancy and major protected by law.

Study Interventions

Patients eligible for inclusion were randomly assigned to the HFNC group or to the NIV
group (Figure 1). In both groups, two inspiratory cervico-thoracic CT scan with contiguous

1 mm thick slices were performed in supine position, from the pharynx to the diaphragm,
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using a 320-detector row CT (Aquilion One PRISM Edition, Canon Medical Systems). A first
cervico-thoracic CT scan (baseline) was performed after 20 minutes of standard oxygen
therapy as part of the routine patient’s management. A second cervico-thoracic CT scan
was performed after 20 minutes of HFNC or NIV depending on the allocation group.
According to a previous described method by Gattinoni [21,23] and Malbouisson [25],
lung volume was characterized by CT attenuation and divided into different
compartments: “non-aerated” lung will be characterized by a CT attenuation ranging
between — 100 et + 100 Hounsfield Units (HU), “poorly aerated” lung by a CT attenuation
ranging between — 100 et — 500 HU, “normally aerated” lung by CT attenuation ranging
between — 500 et — 900 HU and “hyperinflated lung” by CT attenuation ranging between
— 900 et — 1000 HU. Alveolar recruitment, defined by Malbouisson et al. [25] as the
increase in the volume of gas penetrating in non and poorly aerated lung regions, was
also evaluated. The data was transferred to a dedicated advanced workstation (Vitrea
version 7.14.6, Vital, Canon Medical Systems) for analysis with Lung Density Analysis
software, specialized in automatic segmentation and lung volume. From the cervical CT
slices, cross-sectional upper airway area was assessed using a method described by Braga
et al. [31].

In the HFNC group, patients received HFNC oxygen therapy for 20 minutes. Oxygen was
passed through a heated humidifier and continuously delivered through medium or large
nasal cannulas (Optiflow™, Fisher and Paykel Healthcare) depending on patient anatomy,
with a gas flow of 50 liters per minute and the FiO, was adjusted to maintain a SpO,
between 95% and 98%. In the NIV Group, patients received NIV for 20 minutes delivered
with a naso-buccal or face mask according to the patient’s tolerance. The pressure-
support level was adjusted with the aim of an expired tidal volume of 6 to 8 ml per
kilogram of predicted body weight, with a positive end-expiratory pressure (PEEP) of 5
c¢cmH;0. The FiO; was adjusted to maintain a SpO2 between 95% and 98%.

After 20 minutes of standard oxygen therapy and after 20 minutes of intervention (HFNC
or NIV depending on the allocation group) an arterial blood gas for gas exchange analysis
(pH, Pa0,, PaC0,) and a transthoracic echocardiography (TTE) were performed. A senior

physician (CM) performed all TTE from an apical four-chamber or five-chamber view and
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measured the left ventricular ejection fraction (LVEF), the subaortic velocity time integral
(VTI), the E and A wave velocity (with pulsed-wave Doppler analysis of mitral inflow), early
diastolic wave (Ea) (with pulsed-wave Doppler tissue imaging (DTI)).

During the entire procedure, patients received standard ICU monitoring consisting of
electrocardiogram analysis, peripheral oxygen saturation, respiratory rate and invasive or
non-invasive arterial blood pressure monitoring. Patient comfort and tolerance were
assessed through a standardized assessment using a numerical scale from 0 “no
discomfort” to 10 for “maximal imaginable discomfort”, before and after the
intervention. Descriptive data was collected: type and reason of ICU admission, severity
scores (Simplified Acute Physiologic Score (SAPS) Il and Sequential Organ Failure
Assessment (SOFA score) at admission, demographic and epidemiologic data.

Study Outcome

The primary outcome was the relative difference in percentage of “non and poorly
aerated” lung volumes, before and after the intervention, between the HFNC group and
NIV group, assessed by cervico-thoracic CT scan.

Secondary outcomes included: cross-sectional upper airway area, lung volumes (non-
aerated lung volume, poorly aerated lung volume, normally aerated lung volume,
hyperinflated lung volume, total lung volume), gas exchange (pH, PaO,, PaCO,),
respiratory rate (RR), cardiac output (Qc) and patient comfort.

Statistical Analysis

We determined that the enrolment of 46 patients (23 in each group) would provide a
power of 80% at a two-sided a level of 0.05 to detect a 5% relative difference in
percentage of “non and poorly aerated” lung volume between the NIV group and HFNC
group (expected hypothetical value: 10% relative difference in the NIV group and 5%
relative difference in the HNFC group), with a standard deviation of 6%. To take into
account withdrawn consent after randomization, inclusions not meeting the inclusion
criteria, cervico-thoracic CT scan not performed in inspiratory phase, improvement or
death, we planned to include 56 patients.

Statistical analysis was performed in an intention to-treat population, including all the

randomized patients except patients who withdraw their consent, did not meet the

35



inclusion criteria, improved before oxygen therapy or had a cervico-thoracic CT-scan
performed in expiratory phase. All analyses were conducted by the medical statistical
department of the Montpellier University Hospital using statistical software (SAS, version
9.4; SAS Institute; Cary, NC, USA, and R, version 3.5.0). A two-sided p value of less than
0.05 was considered to indicate statistical significance.

The patient’s demographic characteristics were summarized and compared between
groups. Also, the distribution of all patient’s outcome variables was summarized by
treatment group (HFNC or NIV) and by time (before and after randomization). The
summaries consisted of the following descriptive statistics: number of patients involved,
mean and standard deviation (or median and inter quartile range when appropriate) for
continuous variables and relative frequencies (percentages) for categorical variables.
The primary outcome was compared between the treatment groups (HFNC or NIV) using
the Student t test for parametric data and the Mann-Whitney U test for non-parametric
data. A multivariate analysis of the main outcome was performed using linear mixed
modelling. The restricted maximum likelihood technique was used for estimating the
model parameters. The independent variables were time (before and after
randomization) and treatment (HFNC or NIV), as well as their interaction. The baseline
covariates with p value < 0.20 in the univariate analysis between groups were entered in
the model. To avoid overfitting, a maximum of 3 variables were entered, according to
clinical relevance. The secondary outcomes were compared using the Student t test for
parametric data and the Mann-Whitney U test for non-parametric data for quantitative

data and the chi square test for qualitative data.

36



RESULTS

Patient characteristics

From January 2023 to August 2023, 13 patients were included. A total of 7 patients were
assigned to the HFNC group and 6 patients to the NIV group (Figure 2). Two patients in
the NIV group and one patient in the HFNC group were not analysed. Reasons were: one
cervico-thoracic CT scan performed in expiratory phase, one severe emphysema and one
consent withdrawal.

The characteristics of the patients at enrolment were different between the two groups
(Table 1). All the patients in the HFNC group were men with a median age of 57 [48-65]
years old. Four of them (67%) had a body mass index (BMI) = 30kg/m? and 4 patients
(67%) had an obstructive sleep apnea syndrom and/or a recent major digestive surgery.
In the NIV group, 2 of 4 patients (50%) were men and the median age was 76 [62-76]
years old and. None of them had a BMI > 30kg/m? and 2 patients (50%) had a chronic
obstructive pulmonary disease and/or a recent major digestive surgery.

Among the 10 patients analysed, reason of ICU admission was surgical for 8 patients (80%)
and medical for 2 patients (20%). Indications for the cervico-thoracic CT scan were:
postoperative management for 4 patients (40%), due to a deterioration of the patient’s
respiratory status for 5 patients (50%) or sepsis for 1 patient (10%). All patients had
antibiotics and 5 patients (50%) received vasopressors during ICU stay. Median SAPS Il
score was 38 [27-61] in the HFNC group and 59 [54-62] in the NIV group.

Clinical parameters at baseline in the HFNC and NIV groups

At baseline, clinical parameters and transthoracic echography parameters were not
different between groups (table 2). Signs of respiratory distress were present in all
patients. Median PaO,/FiO; at the time of enrolment was 175 [126-226] and 175 [132-
253], respectively, in the HFNC group and the NIV group with a median FiO, of 0.4 [0.3-
0.6] vs. 0.6 [0.5-0.7]. Standard oxygen therapy devices were: nasal cannula for 5 patients

(50%), face mask for 1 patient (10%) and high concentration mask for 4 patients (40%).
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Primary outcome

Among the 10 patients analysed, the relative difference in percentage of “non and poorly
aerated” lung volumes, before and after intervention, was -8.9% [-4.6; -26.6] and -14.1%
[-9.9; -19.8] respectively for HFNC and NIV groups (Figure 3).

Secondary outcomes

Effects of HFNC on lung volumes, cross-sectional upper airway area and clinical
parameters

In the HFNC group, after intervention the median percentage of “non-aerated” and
“poorly aerated” lung volume decreased from 6.2% [5.5-6.6] to 4.9% [4.2-5.8] and 18.7%
[12.3-24.4] to 14.1% [12.6-15.4], respectively (Table 3). After intervention, the median
percentage of “normally aerated” lung volume increased from 73.9% [69.4-78.9] to 79.1%
[78.0-79.9] and median percentage of “hyperinflated” lung volume decreased from 1.8%
[0.4-2.0] to 1.0% [0.2-1.9] (Table 3). The relative difference in cross-sectional upper
airway area, before and after intervention, was higher with a median increase of 7.9%
[0.0-28.6].

No difference was seen before and after intervention in the clinical parameters and
transthoracic echocardiography (Table 4). Median PaO,/FiO, increased from 175mmHg
[126-226] to 198mmHg [120-252] after HFNC. Radiological diagnosis, were:
postoperative complication for 3 patients (50%), atelectasis for 1 patient (17%),
pneumoniae for 2 patients (33%), acute pulmonary oedema for 1 patient (17%) and acute
respiratory distress syndrome for 1 patient (17%). More than one diagnosis could be
found in a single patient.

Effects of NIV on lung volumes, cross-sectional upper airway area and clinical
parameters

NIV median settings were: pressure support level of 6 cmH,0 [5-7], PEEP of 5 cmH,0, and
an FiO, of 0.5 [0.6-0.7]. In the NIV group, after intervention the median percentage of
“non-aerated” and “poorly aerated” lung volume decreased from 4.0% [3.5-6.8] to 3.9%
[2.5-7.4] and 16.2% [11.8-22.9] to 11.4% [8.4-18.4], respectively (Table 3). After
intervention, the median percentage of “normally aerated” lung volume increased from

72.9% [64.5-81.4] to 78.4% [68.5-86.6] and median percentage of “hyperinflated” lung
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volume remained globally stable (Table 3). The relative difference in cross-sectional upper
airway area, before and after intervention, was higher with a median increase of 25.0%
[5.7-45.6].

No difference was seen before and after intervention in the clinical parameters and
transthoracic echocardiography (Table 4). Median PaO,/FiO, increased from 175mmHg
[132-253] to 204mmHg [139-258]. Radiological diagnosis were: postoperative
complication for 1 patient (25%), atelectasis for 2 patients (50%) and pneumoniae for 2
patients (50%).

Comparison of lung volumes, cross-sectional upper airway area and clinical parameters
between the HFNC and the NIV groups

After intervention, the median percentage of “non-aerated” lung volume was 4.9% [4.2-
5.8] in the HFNC group compared to 3.9% [2.5-7.4] in the NIV group. The median
percentage of “poorly aerated” lung volume was 14.1% [12.6-15.4] in the HFNC group
compared to 11.4% [8.4-18.4] in the NIV group The median percentage of “normally
aerated” lung volume was 79.1% [78.0-79.9] in the HFNC group compared to 78.4% [68.5-
86.6] in the NIV group. Median percentage of “hyperinflated” lung volume was 1.0% [0.2-
1.9] in the HFNC group compared to 1.4% [0.8-2.4] in the NIV group (Table 3). Median
variation of cross-sectional upper airway was 7.9% [0.0-28.6] in the HFNC group
compared to 25.0 % [5.7-45.6] in the NIV group. No major difference was seen between
the HFNC and NIV groups regarding the clinical parameters, gas exchange and
transthoracic echocardiography (Table 4). The patient comfort score with HFNC

compared with NIV was 4 [3-4] vs. 5 [4-7].
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DISCUSSION

In these preliminary results of the physiological HONIVAH trial, “non and poorly aerated”
lung volumes decreased after a 20-minutes intervention in both groups (relative
difference -8.9% [-4.6; -26.6] and -14.1% [-9.9; -19.8] respectively for HFNC and NIV
groups). The reduction was slightly superior in the NIV group compared to the HFNC
group although these results are only exploratory with 10 patients analysed out of the 56
planned. In both groups this decrease seems to be in favour of an increase of “normally
aerated” lung volume without increasing “hyperinflated” lung volume.

Given the risk associated with intubation and the use of mechanical ventilation, several
studies have assessed the role of NIV alone or compared to standard oxygen therapy in
acute hypoxemic respiratory failure [36]. Although NIV use in this setting may improve
oxygenation and decrease the need for intubation as compared to standard oxygen
therapy, it is also associated with development of complications (risk of aspiration, facial
skin breakdown...) [37]. Moreover, in a meta-analysis, Rochwerg et al. [38] demonstrated
that HFNC may decrease the need for intubation without a survival benefit compared
with standard oxygen therapy in patient with acute hypoxemic respiratory failure. To our
knowledge, only two randomized controlled trials have compared standard oxygen
therapy, HFNC and NIV in patient with acute hypoxemic respiratory failure. First, the
FLORALI trial [15] demonstrated that HFNC, as compared with standard oxygen therapy
or NIV, reduced mortality in the ICU and at 90 days. In the subgroup of patients with a
Pa0,/FiO, ratio of 200 mmHg or less, the intubation rate was significantly lower in the
HFNC group than in the other two groups. Second, the KISS study (Clinical trial,
n°NCT05812911) which is ongoing, and which aims to determine whether one of the two
oxygenation or ventilation strategies (NIV and/or HFNC) is superior to standard oxygen to
reduce 28-day mortality rate in acute hypoxemic respiratory failure patients.

The HONIVAH trial is a physiological study without intent to evaluate clinical outcomes.
However, we aim at improving the knowledge on the physiological mechanisms of HFNC
and NIV in hypoxemic respiratory failure. Data on HFNC and NIV effects on lung volumes
could help better understand the clinical impact of these oxygenation methods and add

physiological understanding to the clinical findings reported and outlined above.
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Previous studies described the effects of HNFC and/or NIV on lung volumes. Mauri et al.
[20] have shown that HFNC significantly increases lung volumes, measured with electrical
impedance tomography, as compared to standard oxygen therapy [20]. The authors made
the hypothesis that the potential positive end-expiratory pressure generated by HFNC
could explain these findings. In our study, we also made the hypothesis that HFNC would
increase lung volume (thus confirming previous results) but we hypothesized that NIV
would have a greater impact on lung volumes. Finally, we chose to evaluate lung volumes
with the gold-standard evaluation method (CT scan).

In a multicenter retrospective analysis, Koga et al. [39] investigated the association
between lung collapse and HFNC or NIV failure. This study has demonstrated that the
increase of “non-aerated” lung weight, which reflects the extend of lung collapse
evaluated by chest CT images, in patients with de novo hypoxemic respiratory failure, was
associated with increased risk of HFNC failure, but not of NIV failure. Koga et al. [39]
assumed that NIV may be superior to HFNC in patients with greater lung collapse,
whereas patients with lower lung collapse could be treated with HFNC because their need
for positive airway pressure is reduced. Our study could add to these results by
investigating the impact of NIV compared to HFNC on “non and poorly aerated” lung
volumes.

Positive end-expiratory pressure generated by HFNC is a controversial subject and his
effect on lung volumes is uncertain. Chanques et al. [19] have demonstrated that HNFC
provides a low positive-airway pressure which was highly dependent on the mouth-being
closed and the oxygen gas flow. Similarly, Parke et al. [40] have found a positive linear
relationship existing between delivered gas flow and generated mean airway pressure
with HFNC on healthy volunteers, with a significant interindividual variability. On average,
for every 10 L/min increase in gas flow, the generated mean airway pressure increased
by 1.16 cm H,0, these levels of positive airway pressure were higher than those found by
Chanques et al. [19]. Moreover, Parke et al. [40] have demonstrated that the increase of
delivered gas flow was accompanied by an increase in end-expiratory lung impedance and
end-expiratory lung volume seen on electrical impedance tomography. Much uncertainty

remains about the effects of HFNC on lung volumes.
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One of the secondary endpoints of our study was to compare the effect of HFNC and NIV
on the variation in cross-sectional upper airway area. Braga et al. [31] has shown that
end-expiratory cross-sectional upper airway area, measured at the level of the pharynx
just above the epiglottis by magnetic resonance imaging (MRI), tends to increase with
CPAP, but this did not reach statistical significance. In our study, cross-sectional upper
airway area is also measured at the same level but is evaluated by a CT-scan in end-
inspiratory phase. Our preliminary results could suggest that the interindividual reliability
is uncertain. Moreover, Mattos et al. [41] have discouraged the use of cross-sectional area
measurements at the level of the vallecula, subject to measurement errors due to the
specific anatomy with the interference of the epiglottis.

The strengths of the present study are its robust methodology with a randomized design,
its physiological approach to a clinically pertinent issue and the use of computed
tomography to measure lung volumes, for the first time, which is the gold standard
evaluation method.

Our study has several limitations. First, it was a single-center study, which may affect the
generalizability to patients admitted in other ICUs. However, our center is a mixed
medical and surgical ICU and all consecutive patients with hypoxemic respiratory failure
during ICU stay are screened regardless of the etiology. Second, the nature of the study
intervention does not allow blinding. The methodologist and the radiologist were blinded
to the group to limit bias. Third, this study assesses lung volumes in non-intubated
patients, the respiratory phase could not be controlled in patient with spontaneous
breathing and the polypnea due to respiratory failure increase the difficulty for the
patient to maintain end-inspiratory phase during the cervico-thoracic CT scan. In our
study, CT images were controlled by a designated radiologist and patients with CT scan
performed in expiratory phase were not analyzed. At this day, only one patient was not
analyzed for this reason. Fourth, one patient had chronic pulmonary injury which disturb
the distribution of lung volumes. It is the case of patient with severe emphysema who
had a majority of “hyperinflated” lung volume. For this reason, these patients were also
not analyzed.

To the best of our knowledge, the ongoing HONIVAH trial will be the first randomized
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controlled trial to evaluate the effects of NIV and HFNC on lung volumes using the gold-
standard evaluation method (CT scan) in critically ill patients with hypoxemic respiratory
failure. The future results could help answer the conundrum of HFNC and NIV effects on

lung volumes.
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CONCLUSION

In patients with hypoxemic respiratory failure, HFNC and NIV seem to decrease “non and
poorly aerated” lung volumes. This decrease would be in favour of an increase of
“normally aerated” lung volume without increasing “hyperinflated” lung volume. These
results are only exploratory as the trial is on-going and a significant difference between

groups remains to be determined.
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TABLES

Table 1. Baseline patients’ characteristics of the HFNC and NIV groups

HFNC GROUP NIV GROUP
PATIENT CHARACTERISTICS
(N=6) (N=4)
Age, years 57 [48-65] 76 [62-76]
Male gender, no. (%) 6 (100) 2 (50)
Weight, kg 93 [85-102] 75 [67-78]
Body mass index, kg/m? 33 [29-37] 25 [24-27]
Obesity (BMI> 30), no. (%) 4(67) 0(0)
Past medical history, no. (%)
Chronic obstructive pulmonary disease 0(0) 2 (50)
Asthma 1(17) 0(0)
Obstructive sleep apnea syndrom 4 (67) 0(0)
Lung surgery 0(0) 0(0)
Pulmonary emphysema 0(0) 0(0)
Interstitial lung disease 0(0) 0(0)
Major digestive surgery 4(67) 2 (50)
Reason for ICU admission, no. (%)
Medical 0(0) 2 (50)
Surgical 6 (100) 2 (50)
SAPS I 38[27-61] 59 [54-62]
SOFA 7[6-9] 11[9-11]
Mechanical ventilation during ICU stay, no. (%) 6 (100) 4 (100)
Length of mechanical ventilation, days 2[1-2] 2[2-8]
Time to extubation, hours 132 [85-163] 37 [15-37]
Reintubation during ICU stay, no. (%) 2 (33) 1(25)
Treatment during ICU stay, no. (%)
Vasopressors 2 (33) 2 (50)
Antibiotic 6 (100) 4 (100)
Corticosteroid therapy 0(0) 0(0)
Aerosol therapy 4 (67) 1(25)
Mortality during hospital stay, no. (%) 0(0) 0(0)
Thoracic CT scan indication, no. (%)
Postoperative management 3(50) 1(25)
Acute respiratory failure 3 (50) 2 (50)
Sepsis 0(0) 1(25)

Values given as median [interquartile] or number (%)
HFNC high flow nasal cannula, NIV non-invasive ventilation, BMI body mass index, SAPS simplified acute physiology
score, SOFA sequential organ failure assessment, ICU intensive care unit, CT computed tomography

50



Table 2. Baseline patients’ clinical parameters of the HFNC and NIV groups

PATIENTS’ CLINICAL PARAMETER HFNC GROUP NIV GROUP
(N=#6) (N=4)
Glasgow score 15 [15-15] 15 [15-15]
Heart rate, bpm 98 [92-111] 106 [84-121]
SBP, mmHg 126 [121-139] 140 [129-149]
DBP, mmHg 77 [72-81] 69 [64-76]
MBP, mmHg 98 [93-103] 97 [90-104]
Sp02, % 97 [97-97] 98 [97-99]
Respiratory rate, bpm 27 [23-29] 25 [22-30]
Signs of respiratory distress*, no. (%) 6 (100) 6 (100)
FiO, 0.4 [0.3-0.6] 0.6 [0.5-0.7]

Sp0,/FiO,
Gas exchange
Pa0,/FiO;
Ph
Pa0,;, mmHg
PaCO,;, mmHg
Lactic acid, mmol/I
Time to standard oxygen therapy, hours
Standard oxygen therapy device, no. (%)
Nasal cannula
Facial mask
High concentration mask
Transthoracic echocardiography
LVEF, %
VTI, cm
E wave velocity, cm/s
A wave velocity, cm/s
E/a
Early diastolic wave (e’), cm/s
E/e’
Patient comfort, /10

Values given as median [interquartile] or number (%)

269 [178-288]

175 [126-226]
7.46 [7.41-7.48]
69 [61-84]
39 [35-40]
0.9 [0.8-1.0]
132 [85-163]

4 (67)
0 (0)
2(33)

55 [50-60]
20 [16-20]
70 [60-98]
82 [74-86]
0.9 [0.7-1.1]
12.4[10.4-14.7]
6.7 [5.2-7.0]
2[1-4]

170 [149-218]

175 [132-253]
7.50 [7.46-7.51]
100 [87-112]
39 [36-41]
1.1[1.0-1.3]
39 [21-48]

1(25)
1(25)
2 (50)

50 [48-53]
22[20-23]
56 [43-57]
88 [67-91]
0.7 [0.6-0.9]
9.4[9.1-9.5]
6.2 [5.9-7.2]
3[2-4]

HFNC high flow nasal cannula, NIV non-invasive ventilation, SBP systolic blood pressure, DBP diastolic blood pressure,
MBP mean blood pressure, SpO; pulsatile oxygen saturation, FiO; fraction of inspired oxygen, PaO; oxygen partial
pressure, PaCO; partial pressure of carbon dioxide, SaO, arterial oxygen saturation, LVEF left ventricular ejection

fraction, VTI subaortic velocity time integral
* Signs of respiratory distress were: polypnea, dyspnea, rib retraction, paradoxical breathing
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Table 3. Effects of HFNC and NIV on lung volumes.

HFNC GROUP (N= 6)

NIV GROUP (N=4)

LUNG VOLUMES MESURED BY
Before After Before After
THORACIC CT-SCAN
intervention intervention intervention intervention
Non-aerated lung volume, % 6.2 [5.5-6.6] 4.9[4.2-5.8] 4.0 [3.5-6.8] 3.9[2.5-7.4]

Poorly aerated lung volume, %
Normally aerated lung volume, %

Hyperinflated lung volume, %

Values given as median [interquartile]

18.7 [12.3-24.4]
73.9 [69.4-78.9]
1.8 [0.4-2.0]

14.1[12.6-15.4]
79.1[78.0-79.9]
1.0[0.2-1.9]

16.2 [11.8-22.9]
72.9 [64.5-81.4]
1.5[0.6-3.2]

CT computed tomography, HENC high flow nasal cannula, NIV non-invasive ventilation

11.4 [8.4-18.4]
78.4 [68.5-86.6]
1.4[0.8-2.4]
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Table 4. Effects of HFNC and NIV on clinical parameters.

PATIENT’S CLINICAL

HFNC GROUP (N=6)

NIV GROUP (N=4)

PARAMETERS Before After Before After

intervention intervention intervention intervention
Glasgow score 15[15-15] 15[15-15] 15[15-15] 15 [15-15]
Heart rate, bpm 98 [92-111] 97 [91-111] 106 [84-121] 110 [86-126]
SBP, mmHg 126 [121-139] 129 [114-145] 140 [129-149] 149 [137-159]
DBP, mmHg 77 [72-81] 72 [65-83] 69 [64-76] 73 [68-77]
MBP, mmHg 98 [93-103] 97 [82-110] 97 [90-104] 95 [89-102]
Sp02, % 97 [97-97] 98 [96-98] 98 [97-99] 97 [96-98]
RR, bpm 27 [23-29] 24 [21-26] 25 [22-30] 25[20-29]
Signs of respiratory

6 (100) 4 (100) 6 (100) 4 (100)

distress*, no. (%)
Sp0,/FiO,
Gas exchange
Pa0,/FiO,
Ph
Pa0,, mmHg
PaCO,;, mmHg

Lactic acid, mmol/I

Transthoracic
echocardiography
LVEF, %
VTI, cm
E wave velocity,
cm/s
A wave velocity,
cm/s
E/a

Early diastolic wave

(e’), cm/s
E/e’

Patient comfort

269 [178-288]

207 [154-280]
7.46 [7.41-7.48]
69 [61-84]
39 [35-40]
0.9 [0.8-1.0]

55 [50-60]
20[16-20]

70 [60-98]

82 [74-86]
0.9[0.7-1.1]
12.4[10.4-14.7]

6.7 [5.2-7.0]
2 [1-4]

161 [144-188]

198 [120-252]
7.44[7.41-7.46]
95 [72-120]
41[38-42]
0.8 [0.6-1.0]

55 [50-58]
20[17-25]

81[72-89]

85 [75-95]
1.0[0.8-1.1]
13.5[12.1-15.5]

6.2[4.7-7.3]
4[3-4]

Values given as median [interquartile] or number (%)
HFNC high flow nasal cannula, NIV non-invasive ventilation, SBP systolic blood pressure, DBP diastolic blood pressure,

170 [149-218]

175 [132-253]
7.50 [7.46-7.51]
100 [87-112]
39 [36-41]
1.1[1.0-1.3]

50 [48-53]
22[20-23]

56 [43-57]

88 [67-91]
0.7 [0.6-0.9]
9.4[9.1-9.5]

6.2[5.97.2]
3[2-4]

201 [154-244]

204 [139-258]
7.48 [7.43-7.49]
97 [86-103]
40 [37-44]
1.0[0.8-1.3]

50 [46-53]
24 [19-26]

58 [38-73]

94 [74-105]
0.7 [0.7-0.8]
8.9[8.1-10.5]

7.7[6.1-.9.5]
5[4-7]

MBP mean blood pressure, SpO; pulsatile oxygen saturation, RR respiratory rate, FiO; fraction of inspired oxygen,

PaO; oxygen partial pressure, PaCO; partial pressure of carbon dioxide, SaO; arterial oxygen saturation, LVEF left

ventricular ejection fraction, VTI subaortic velocity time integral

* Signs of respiratory distress were: polypnea, dyspnea, rib retraction, paradoxical breathing
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FIGURES

Figure 1. Study design. NIV, non-invasive ventilation; HFNC, high-flow nasal cannula

oxygen; CT, computed tomography
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Figure 2. Consolidated Standards of Reporting Trial (CONSORT) diagram of the
HONIVAH trial. ICU, intensive care unit; SpO2 pulsatile oxygen saturation; NIV, non-
invasive ventilation; HFNC, high-flow nasal cannula oxygen; CT, computed tomography

Not included (n=400)

+ Invasive ventilation
418 Admissions in ICU  |—————> s Sp02 2 95% with oxygen therapy <
| 3L/min

(1) Hypoxemic respiratory failure

. . Excluded (n=6)
(2) CT scan prescribed by the physician 0 NIV contraindication
in charge 0 Recent facial trauma not
compatible with the use of nasal
cannulas
Major protected by law
Age <18 years
Pregnancy
Improvement before inclusion
Language barrier
Refusal

\4

wWw=2NOOO

13 Inclusions
Randomization to HFNC or NIV

l l

HFNC group NIV group
7 patients 6 patients

Not analysed (n=3)

. 1 Second CT scan in expiratory

| phase

1 Severe emphysema which disturb
the distribution of lung volumes

1 Consent withdrawal

HFNC group NIV group
6 patients 4 patients

55



Figure 3. Comparison of the relative difference in “non and poorly aerated” lung
volumes, before and after the intervention, between the HFNC group and NIV group.
The relative difference in percentage of “non and poorly aerated” lung volumes, before
and after intervention, was -8.9% [-4.6; -26.6] and -14.1% [-9.9; -19.8] respectively for
HENC and NIV groups. HFNC, high-flow nasal cannula oxygen; NIV, non-invasive
ventilation.
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Figure 4. Variation of distribution of lung volumes before and after the intervention in
the HFNC group and NIV groups. Variation of “non-aerated” lung volume in the HFNC
group (A) and the NIV group (B). Variation of “poorly aerated” lung volume in the HFNC
group (C) and the NIV group (D). Variation of “normally aerated” lung volume in the HFNC
group (E) and the NIV group (F). Variation of “hyperinflated” lung volume in the HFNC

group (G) and the NIV group (H). HFNC, high-flow nasal cannula oxygen; NIV, non-invasive
ventilation.
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SUPPLEMENTAL APPENDIX

Image 1. Comparison of cervico-thoracic CT scan images and colorimetric analysis of lung
volume, before (image on the left) and after (image on the right) intervention, in the HFNC

group.
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Image 2. Comparison of 3D colorimetric analysis of lung volume, measured by cervico-

thoracic CT scan, before (image on the left) and after (image on the right) intervention, in
the HFNC group.
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Image 3. Comparison of colorimetric analysis of lung volume, measured by cervico-

thoracic CT scan, before (image on the left) and after (image on the right) intervention, in
the NIV group.
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Image 4. Comparison of 3D colorimetric analysis of lung volume, measured by cervico-

thoracic CT scan, before (image on the left) and after (image on the right) intervention, in
the NIV group.
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SERMENT

» En présence des Maitres de cette école, de mes chers condisciples et
devant [effigie d’Hippocrate, je promets et je jure, au nom de ['Etre

supréme, d étre fidele aux lois de ["honneur et de la probité dans [exercice
de la médecine.

> Je donnerai mes soins gratuits a ['indigent et n’exigerai jamais un salaire
au-dessus de mon travail.

» Admis (e) dans Uintérieur des maisons, mes yeux ne verront pas ce qui s’y
passe, ma langue taira les secrets qui me seront confiés, et mon état ne
servira pas a corrompre les meeurs, ni d favoriser le crime.

> Respectueux, (se) et reconnaissant (e) envers mes Maitres, je rendrai d
leurs enfants ['instruction que j ai regue de leurs peres.

» Que les hommes m’accordent leur estime si je suis fidéle d mes promesses.
Que je sois couvert (e) d opprobre et méprisé (e) de mes confréres si j'y
mangque.
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RESUME

Introduction. Chez le patient non intubé, le traitement symptomatique de la détresse
respiratoire hypoxémique est sujet a controverse avec différentes techniques
d’oxygénation possibles : 1) oxygénothérapie standard, 2) oxygene a haut débit (OHD) et
3) ventilation non invasive (VNI). L'objectif principal de cette étude était de comparer
I'effet de I'OHD et de la VNI sur les volumes pulmonaires et les voies aériennes

supérieures mesurés par tomodensitométrie thoracique.

Matériel et méthodes. Nous avons mené une étude prospective, monocentrique,
physiologique, en ouvert, randomisée en deux bras paralleles chez des patients de
réanimation avec une insuffisance respiratoire hypoxémique. Deux scanners cervico-
thoraciques en inspiration étaient réalisés. Le premier scanner apres 20 minutes
d’oxygénothérapie standard dans le cadre de la prise en charge routiniere du patient et
le second apres 20 minutes d’'OHD ou VNI selon le groupe de randomisation. Le critere de
jugement principal était la variation relative des volumes pulmonaires « non et
insuffisamment aérés », avant et apres intervention, entre les groupes OHD et VNI,
mesurés par tomodensitométrie thoracique. Les criteres de jugement secondaires
incluaient la variation de la surface des voies aériennes supérieures, les volumes

pulmonaires et les échanges gazeux.

Résultats. Dans ces résultats préliminaires, 13 patients ont été inclus (sur 56 inclusions
prévues) et 10 patients ont été analysés. La variation relative des volumes pulmonaires
« non et insuffisamment aérés » avant et aprées intervention, était de -8.9% [-4.6 ; -26.6]

and -14.1% [-9.9 ; -19.8] pour le groupe OHD et VNI, respectivement.

Conclusion. Chez les patients en insuffisance respiratoire hypoxémique, 'OHD et la VNI
semblent diminuer les volumes pulmonaires « non pauvrement aérés ». L'étude étant
encore en cours, ces résultats sont uniquement exploratoires et une différence

significative entre les groupes reste a étre démontrée.

Mots clés : réanimation, ventilation non-invasive, volumes pulmonaires, oxygénothérapie

a haut débit nasale, voies aériennes supérieures, détresse respiratoire hypoxémique
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